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Rotundarpene inhibits TNF-a-induced activation of the Akt,
mTOR, and NF-kB pathways, and the JNK and p38 associated
with production of reactive oxygen species
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Abstract llex Rotunda Thunb has been shown to have
anti-inflammatory and antioxidant effects. In human ker-
atinocytes, we investigated the effect of rotundarpene (4-
caffeoyl-3-methyl-but-2-ene-1,4-diol) on the TNF-o-stim-
ulated production of inflammatory mediators in relation to
the Akt, mTOR, and NF-kB pathways, and the JNK and
p38-MAPK. Rotundarpene, Akt inhibitor, Bay 11-7085,
rapamycin, and N-acetylcysteine inhibited the TNF-o-
stimulated production of cytokines and chemokines,
increase in the levels of p-Akt and mTOR, activation of
NF-kB, and production of reactive oxygen species in ker-
atinocytes. TNF-o treatment induced phosphorylation of
the JNK and p38-MAPK. Inhibitors of the c-JNK
(SP600125) and p38-MAPK (SB203580) reduced the TNF-
a-induced production of inflammatory mediators, binding
of NF-xB to DNA, and activation of the JNK and p38-
MAPK in keratinocytes. The results show that rotun-
darpene may reduce the TNF-o-stimulated inflammatory
mediator production by suppressing the reactive oxygen
species-dependent activation of the Akt, mTOR, and NF-
kB pathways, and activation of the JNK and p38-MAPK in
human keratinocytes. Additionally, rotundarpene appears
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Abbreviations

TNF-o Tumor necrosis factor-a

PI3K Phosphatidylinositol-4,5-bisphosphate
3-kinase

mTOR Mammalian target of rapamycin

NF-xB Nuclear factor-kB

MAPKs Mitogen-activated protein kinases

ERKSs Extracellular signal-regulated kinases

INKs c-Jun NH2-terminal kinases

p38-MAPK p38-Mitogen-activated protein kinase

EGF Epidermal growth factor

Introduction

Tumor necrosis factor (TNF)-o is an inflammatory cyto-
kine that is released by a variety of cell types, including
immune effector cells and tissue-specific cells [1]. TNF-a
is involved in the inflammation and immune response in
inflammatory skin diseases [2, 3]. TNF-a activates the
PI3K/Akt (protein kinase B) pathway [4-6] and regulates
its downstream targets, mammalian target of rapamycin
(mTOR), and FoxO3a [7]. The PI3K/Akt and mTOR sig-
naling pathways regulate the activation of transcription
factors, including activator protein-1 and nuclear factor
(NF)-kB [8, 9]. NF-kB regulates genes responsible for the
innate and adaptive immune responses as well as inflam-
mation [10]. TNF-o binding to cell surface receptors
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induces activation of mitogen-activated protein (MAP)
kinases, extracellular signal-regulated kinases (ERKs), the
c-Jun NH2-terminal kinases (JNKs), and the p38-mitogen-
activated protein kinase (p38-MAPK) [11, 12]. These MAP
kinase pathways induce a secondary response by increasing
the expression of inflammatory cytokines that contribute to
the biological activity of TNFa [11]. TNF-a induces acti-
vation of JNK and p38-MAPK in HaCaT keratinocytes
[13, 14].

The bark of Ilex rotunda Thunb is used for the treatment
of colds, tonsillitis, sore throat, acute gastroenteritis, and
dysentery in China [15, 16]. The main bioactive con-
stituents of 1. rotunda are triterpenoid saponins, phenolic
acid compounds, and flavonoids. Trilex consisted of Ilex
latifolia, Ilex asprella, and I. rotunda inhibits acetic acid-
induced inflammatory exudation in mice abdominal cavity
[15]. Syringin isolated from I. rotunda reduces car-
rageenan-induced paw edema in rats [17]. Hemiterpene
glycosides from the leaves of I. rotunda Thunb exhibit an
antioxidative activity by scavenging 1,1-diphenyl-2-
picrylhydrazyl (DPPH) radical and superoxide radicals
[18]. Caffeoylquinic acid derivatives, such as 3,5-dicaf-
feoylquinic acid and 4,5-dicaffeoylquinic acid, are isolated
from the barks of I. rotunda Thunb [18]. Caffeoyl deriva-
tives isolated from Laggera alata inhibit acute and chronic
inflammation in mice and rats [19]. Caffeoyl derivatives
have a scavenging action on the DPPH radical and atten-
uate hydrogen peroxide-induced cell death [20, 21]. They
inhibit the expression of inducible nitric oxide synthase and
cyclooxygenase-2 and the production of nitric oxide in
RAW264.7 macrophages and HaCat cells treated with
lipopolysaccharide [21].

Ilex Rotunda Thunb has been shown to have anti-in-
flammatory and antioxidant effects. Nevertheless, whether
the effect of rotundarpene (4-caffeoyl-3-methyl-but-2-ene-
1,4-diol) on the TNF-o-induced activation of NF-xB is
mediated by its effect on the Akt and mTOR pathways and
the JNK and p38-MAPK has not been studied. We exam-
ined the effect of rotundarpene on TNF-o-induced
inflammatory mediator production in relation to activation
of the Akt, mTOR, and NF-xB pathways, and the JNK and
p38-MAPK in human keratinocytes.

Materials and methods

Materials

Human tumor necrosis factor (TNF)-o (recombinant
E. coli), Bay 11-7085 ((2E)-3-[[4-(1,1-Dimethylethyl)

phenyl]sulfonyl]-2-propenenitrile), Akt inhibitor (type II,
SH-5), rapamycin, SB203580 (a selective inhibitor of p38-
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MAPK), and horseradish peroxidase-conjugated anti-
mouse IgG were purchased from EMD-Calbiochem. Co.
(La Jolla, CA, USA). Human epidermal growth factor
protein was purchased from Sino Biological Inc. (Beijing,
People’s Republic of China and), Enzyme-linked
immunosorbent assay (ELISA) kits for human CXCL1/
IL1B, human IL6, human thymus and activation-regulated
chemokine CCL17/TARC, human CTACK/CCL27, and
human/mouse/rat phospho-Akt (Pan) were purchased from
R&D systems, Inc. (Minneapolis, MN, USA). All anti-
bodies used for Western blot assay were purchased from
Santa Cruz Biotechnology Inc. (Santa Cruz, CA, USA).
TransAM™ NF-kB assay kit was purchased from Active
Motif® (Carlsbad, CA, USA). SP600125 (a selective
inhibitor of c¢-JNK), 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT), and other chemicals
were purchased from Sigma-Aldrich Inc. (St. Louis, MO,
USA).

Extraction, isolation, and structural identification
of rotundarpene

The rotundarpene (M.W. = 264) used in this study was
isolated from the stems of 1. rotunda (IR) Thunb, and the
structural identity of the compound was characterized by
spectral analyses, previously described [18]. Rotundarpene
was provided from Prof. Min Won Lee (College of Phar-
macy, Chung-Ang University, Seoul, South Korea).

Keratinocyte culture

Human keratinocytes (HEKOO1, tissue: skin; morphology:
epithelial; cell type: human papillomavirus 16 E6/E7
transformed) were purchased from American Type Culture
Collection (Manassas, VA) and cultured in keratinocyte
SFM supplemented with bovine pituitary extract, recom-
binant epidermal growth factor, 100 U/ml penicillin, and
100 pg/ml streptomycin (GIBCO®, Invitrogen Co., Grand
Island, NY, USA).

Normal human keratinocytes were provided by the
Department of Urology, Chung-Ang University Hospital
(Seoul, Korea). Keratinocytes were obtained and prepared
from neonatal foreskin discarded after circumcision [22]
in accordance with the Declaration of Helsinki Principles
and the ethical guidelines of Chung-Ang University
Hospital. Neonatal foreskin was chopped and split over-
night in sucrose-trypsin solution (0.1% sucrose, 0.25%
trypsin, and 1 mM EDTA) at 4 °C. Keratinocyte sus-
pension was cultured in EpiLife® medium supplemented
with growth factor (Cascade BiologicsTM, Portland, OR,
USA).
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<«Fig. 1 Rotundarpene reduces TNF-a-induced cytokine production. In

a, HEKOOI keratinocytes were pre-treated with 1-25 uM rotun-
darpene (RTD) for 20 min and exposed to 10 ng/ml TNF-o in
combination with rotundarpene for 24 h. Then the amounts of IL-1
and IL-6 were determined using ELISA kits. In b and ¢, HEK001
keratinocytes were pre-treated with compounds (2.5 uM Bay
11-7085, 0.5 pM Akt inhibitor, 0.5 uM rapamycin, and 1 mM N-
acetylcysteine (NAC), 20 uM SP600125 and 10 pM SB203580) for
20 min and exposed to 10 ng/ml TNF-o in combination with
compounds for 24 h. Data represent the mean + SEM (n = 6).
*P < 0.05 compared to control; *P < 0.05 compared to TNF-a alone

Immunoassays for cytokines and chemokines

Keratinocytes (1 x 10° cells/300 pl for the cytokine assay
and 5 x 10° cells/400 pl for the chemokine assay in a
24-well plate) were treated with 10 ng/ml TNF-o for 24 h.
After centrifugation at 412x g for 10 min, the amounts of
IL-1B, IL-6, and CCL27 in culture supernatants were
analyzed using an enzyme-linked immunosorbent assay Kkit,
according to the manufacturer’s instructions. Absorbance
was measured at 450 nm using a microplate reader
(Spectra MAX 340, Molecular Devices Co., Sunnyvale,
CA, USA).

Preparation of cytosolic and nuclear extracts

Keratinocytes (5 x 10° cells/ml) were treated with TNF-o
for 15 min in the Western blot assay for NF-xB (4-h
treatment with TNF-a for the Akt and mTOR assays) at
37 °C. Keratinocyte cytosolic and nuclear extracts were
prepared according to the previously reported method [23].
Keratinocytes were harvested by centrifugation at
412xg for 10 min and washed twice with PBS. The cells
were suspended in 400 pl lysis buffer (10 mM KCI,
1.5 mM MgCl,, 0.1 mM EDTA, 0.1 mM EGTA, 1 mM
dithiothreitol, 0.5 mM PMSF, 1 mM sodium orthovana-
date, 2 pg/ml aprotinin, 2 pg/ml leupeptin, and 10 mM
HEPES-KOH, pH 7.8) and were allowed to swell on ice
for 15 min. Afterward, 25 pl of a 10% Nonidet NP-40
solution (final approximately 0.6%) was added, and the
tubes were vigorously vortexed for 10 s. The homogenates
were centrifuged at 12,000xg for 10 min at 4°C. The
supernatants were stored as cytoplasmic extracts and kept
at -70 °C. The nuclear pellets were resuspended in 50-pl
ice-cold hypertonic solution containing 5% glycerol and
0.4 M NaCl in lysis buffer. The tubes were incubated on
ice for 30 min and then centrifuged at 12,000xg for
15 min at 4°C. The supernatants were collected as the
nuclear extracts and stored at —70°C. Protein concentration
was determined by the method of Bradford according to the
manufacturer’s instructions (Bio-Rad Laboratories, Her-
cules, CA, USA).
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Western blot for the levels of phophorylated-Aktl,
mTOR, NF-kB, phosphorylated-JNK,
and phosphorylated-p38

Treatment time with TNF-o for the assays of NF-xB,
phosphorylated-Ix,B and binding of NF-xB p65 to DNA
was 15 min, and the assays of phophorylated-Aktl, phos-
phorylation of Akt, mTOR, phosphorylated-JNK, and
phosphorylated-p38 were 4 h. Treatment time was deter-
mined according to the previous reports [24-26] and
manufacturer’s instructions. TNF-a concentration used in
the present study also was determined according to the
previous reports.

The cytosolic fraction for the mTOR assay and the
cytosolic and nuclear extracts for the NF-xB assay was
mixed with sodium dodecyl sulfate—polyacrylamide gel
electrophoresis (SDS-PAGE) sample buffer and boiled for
5 min. Samples (20-0 pg protein/well) were loaded onto
each lane of a 10-12% SDS-polyacrylamide gel, elec-
trophoresis was carried out, and the proteins were trans-
ferred onto polyvinylidene difluoride membranes (GE
Healthcare Chalfont St. Giles, Buckinghamshire, UK).
Membranes were blocked for 2 h in TBS (50 mM Tris—
HCI, pH 7.5, and 150 mM NaCl) containing 0.1% Tween
20. Each membrane was labeled with the appropriate
antibody (NF-xB p65, NF-xB p50, phosphorylated-IkB-a,
Aktl, phosphorylated-Akt, mTOR, JNK, phosphorylated-
JNK, p38, and phosphorylated-p38). Membranes were
treated with horseradish peroxidase-conjugated anti-mouse
IgG for 2 h at room temperature. Membranes were treated
with SuperSignal® West Pico chemiluminescence substrate
and protein bands were visualized by detecting the
enhanced chemiluminescence in an appropriate image
analyzer (ImageQuantTM LAS4000, GE Healthcare Bio-
Sciences AB, Bjorkgatan 30, 751 84 Uppsala Sweden).

The densities of protein bands were determined using
TINA 2.10 g software licensed for Seoul National
University (SNU and SNUMD, Seoul, South Korea) and
were expressed as a fold increase compared to the control
density.

Assay for DNA-binding activity of NF-kB p65

Biding of NF-kB p65 to DNA was determined according to
the user’s manual for the transAM™ NF-xB kit. Ker-
atinocytes (2 x 10° cells/ml) were treated with 10 ng/ml
TNF-o for 15 min. Nuclear extracts were prepared
according to the procedure described in the Active Motif®
protocol and added to a 96-well plate to which oligonu-
cleotides containing an NF-kB consensus-binding site (5'-
GGGACTTTCC-3') are immobilized. The active NF-xB
p65 bound to DNA was exposed to primary antibody for
NF-kB p65 and then reacted with anti-rabbit horseradish
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peroxidase-conjugated IgG. At this point, the color devel-
oping and stop solution were added to the plate. Absor-
bance of the samples was measured at 450 nm with a
reference wavelength of 655 nm in a microplate reader.

Enzyme-linked immunosorbent assays
for phosphorylation of Akt

Keratinocytes (1 x 10° cells/ml) were treated with 10 ng/
ml TNF-a for 4 h. Cells were harvested by centrifugation
at 412xg for 10 min, washed twice with PBS, and sus-
pended in lysis buffer provided from R&D systems for
whole cell lysates. The homogenates were centrifuged at
2000xg for 5 min and the supernatant was used for
ELISA. The amount of phosphorylated-Akt was deter-
mined according to the manufacturer’s instructions for the
immunoassays. The supernatants were sequentially reacted
with antibodies for the phosphorylated forms of the kina-
ses, biotinylated detection antibodies, and streptavidin-
horseradish-peroxidase. Absorbance was measured at
405 nm.

Measurement of intracellular reactive oxygen
species production

The dye 2/,7'-dichlorofluorescin diacetate (DCFH,-DA),
which is oxidized to fluorescent 2’,7’-dichlorofluorescein
(DCF) by hydroperoxides, was used to measure relative
levels of cellular peroxides [27]. Keratinocytes
(1 x 10° cells/400 pl in 24-well plate) were treated with
TNF-a for 24 h at 37 °C. Cells were washed, suspended in
fetal bovine serum-free RPMI-1640, incubated with 50 pM
dye for 30 min at 37 °C, and washed with phosphate-buf-
fered saline. The cell suspensions were centrifuged at
412x g for 10 min and medium was removed. Cells were
dissolved with 1% Triton X-100 and fluorescence was
measured at an excitation wavelength of 485 nm and an
emission wavelength of 530 nm using a fluorescence
microplate reader (SPECTRAFLUOR, TECAN, Salzburg,
Austria).

Measurement of cell viability

Cell viability was measured by using the MTT reduction
assay, which is based on the conversion of MTT to for-
mazan crystals by mitochondrial dehydrogenases [28].
Cells (3 x 104) were treated with rotundarpene for 24 h at
37°C. The medium (200 ul) was incubated with 10 ul of
10 mg/ml MTT solution for 2 h at 37°C. After centrifu-
gation at 412x g for 10 min, culture medium was removed
and 100 pl of dimethyl sulfoxide was added to each well to
dissolve the formazan. Absorbance was measured at
570 nm using a microplate reader (Spectra MAX 340,
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Molecular Devices Co., Sunnyvale, CA, USA). Cell via-
bility was expressed as a percentage of the value measured
from the control cultures in the cells that did not receive
any treatments.

Statistical analysis

The data are expressed as the mean £ SEM. Data from
these experiments were analyzed using randomized block
design analysis of variance (ANOVA) with Tukey’s post
hoc test. A probability value of P < 0.05 was considered
statistically significant.

Results

Rotundarpene inhibits production of inflammatory
mediators

The inhibitory effect of rotundarpene on the production of
cytokines in keratinocytes exposed to TNF-o was investi-
gated. TNF-a significantly caused the production of cyto-
kine IL-1f and IL-6 in HEKOO1 keratinocytes and primary
keratinocytes. Rotundarpene reduced the TNF-o-induced
productions of IL-1f and IL-6 with approximately 71-79%
inhibition at 15 uM in keratinocytes (Fig. 1a). Whether
TNF-a-induced production of cytokines was mediated by
the Akt, mTOR, and NF-kB pathways, we examined the
effect of signaling inhibitors. The addition of 2.5 pM Bay
11-7085 (an irreversible inhibitor of TNF-a-activated IkBao
phosphorylation), 0.5 uM Akt inhibitor or 0.5 pM rapa-
mycin (an mTOR inhibitor) reduced the TNF-o-induced
production of IL-1B and IL-6 in HEK0O01 keratinocytes and
primary keratinocytes (Fig. 1b). They alone did not induce
the cytokine production. Whether TNF-a-induced produc-
tion of cytokines was mediated by oxidative stress was
examined. Treatment with 1 mM thiol antioxidant N-
acetylcysteine reduced the TNF-o-induced production of
cytokines (Fig. 1b). It did not induce the cytokine
production.

We examined whether the rotundarpene effect on TNF-
a-induced production of inflammatory mediators was
accomplished by suppressing activation of the JNK and
p38-MAPK. The addition of 20 uM JNK inhibitor
SP600125 and 10 pM p38-MAPK inhibitor SB203580
reduced the production of IL-13 in HEKO0O1 keratinocytes
treated with TNF-a (Fig. 1c).

Using primary keratinocytes, we confirmed that the
TNF-a-induced production of cytokines was mediated by
the Akt, mTOR, and NF-kB pathways. TNF-o treatment
induced production of IL-1B (Fig. 2a). The addition of
2.5 uM Bay 11-7085, 0.5 uM Akt inhibitor, or 0.5 uM
rapamycin reduced the TNF-o-induced production of IL-1f
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Fig. 2 Rotundarpene inhibits TNF-a-induced IL-1f production. In a,
primary keratinocytes were pre-treated with 1-25 pM rotundarpene
(RTD) for 20 min and exposed to 10 ng/ml TNF-a in combination
with rotundarpene for 24 h. Then the amount of IL-1f was
determined using ELISA kits. In b, primary keratinocytes were pre-
treated with compounds (2.5 uM Bay 11-7085, 0.5 pM Akt inhibitor,
and 0.5 uM rapamycin) for 20 min and exposed to 10 ng/ml TNF-o
in combination with compounds for 24 h. Data represent the
mean = SEM (n = 6). P <0.05 compared to control; *P < 0.05
compared to TNF-o alone

in primary keratinocytes (Fig. 2b). They alone did not
induce the cytokine production.

We further examined the rotundarpene effect on the
TNF-o-induced production of chemokines. TNF-a signifi-
cantly caused the production of chemokine CCL27 and
CCL17 in HEKOOI keratinocytes. Rotundarpene reduced
the TNF-a-induced production of CCL27 and CCLI17,
with approximately 75% inhibition at 15 uM (Fig. 3a).
We examined whether TNF-o-induced production of
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<«Fig. 3 Rotundarpene attenuates TNF-a-induced chemokine produc-
tion. In a, HEKOO1 keratinocytes were pre-treated with 1-25 pM
rotundarpene (RTD) for 20 min and exposed to 10 ng/ml TNF-a in
combination with rotundarpene for 24 h. In b and ¢, HEKO001
keratinocytes were pre-treated with compounds (2.5 uM Bay
11-7085, 0.5 uM Akt inhibitor, 0.5 uM rapamycin, | mM N-acetyl-
cysteine (NAC), 20 pM SP600125, and 10 uM SB203580) for
20 min and exposed to 10 ng/ml TNF-o in combination with
compounds for 24 h. Then the amounts of CCL27 and CCL17 were
determined using ELISA kits. Data represent the mean & SEM
(n = 5-6). P < 0.05 compared to control; *P < 0.05 compared to
TNF-a alone

chemokines was mediated by the Akt, mTOR, and NF-kB
pathways. The addition of Bay 11-7085, Akt inhibitor, or
rapamycin reduced the TNF-a-induced production of
CCL27 and CCL17 (Fig. 3b). They alone did not induce
the chemokine production. We examined whether TNF-o-
induced production of chemokine was mediated by
oxidative stress. Treatment with N-acetylcysteine reduced
the TNF-a-induced production of CCL27 (Fig. 3b). It did
not induce the chemokine production.

We examined whether the rotundarpene effect on TNF-
a-induced production of inflammatory mediators was
mediated by the effect on activation of the JNK and p38-
MAPK . The addition of 20 pM JNK inhibitor SP600125
and 10 pM p38-MAPK inhibitor SB203580 reduced the
production of CCL27 in HEKO0OI keratinocytes treated
with TNF-a (Fig. 3c).

Rotundarpene inhibits activation of NF-kB

We examined whether the rotundarpene effect on the TNF-
a-induced production of inflammatory mediators in ker-
atinocytes was mediated by suppressing the NF-kB acti-
vation. Treatment with TNF-a increased the cytosolic
levels of NF-kB p65, NF-kB p50, and phospho-IxB, and
the nuclear levels of NF-kB p65 in keratinocytes (Fig. 4a).
The addition of rotundarpene, Bay 11-7085, Akt inhibitor,
and rapamycin inhibited the TNF-o-induced phosphoryla-
tion of IkBa and activation of NF-xB (Fig. 4a).

We confirmed the inhibitory effect of rotundarpene on
the TNF-a-induced NF-xB activation by monitoring the
effect on the binding of NF-kB to DNA. Non-stimulated
cells exhibited a small increase in the NF-kB-DNA-binding
activity. TNF-a produced a marked increase in the NF-xB-
DNA-binding activity, which was attenuated by the addi-
tion of rotundarpene, Bay 11-7085, Akt inhibitor, rapa-
mycin, and N-acetylcysteine (Fig. 4b).

The rotundarpene effect on TNF-o-induced activation of
the JNK and p38-MAPK was examined. TNF-a induced
phosphorylation of the JNK and p38-MAPK in HEKO001
keratinocytes. The addition of rotundarpene, N-
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Fig. 4 Rotundarpene reduces TNF-a-induced activation of NF-«B
and of JNK and p38. HEKOOI keratinocytes were pre-treated with
compounds (15 pM rotundarpene (RTD), 1 mM N-acetylcysteine
(NAC), 2.5 uM Bay 11-7085, 0.5 uM Akt inhibitor, and 0.5 pM
rapamycin) for 20 min and then treated with 10 ng/ml TNF-a in the
presence of compounds for 15 min. In a, the levels of NF-kB p65,
NF-kB p50, and phosphorylated-IkB-o were analyzed by Western
blotting with specific antibodies. The densities of protein bands were
determined using TINA 2.10 g software, and data represent a fold
increase from the control density. Data are representative of three to
four different experiments. In b, the NF-kB to DNA-binding activity
was measured by assay kit. Data represent the mean = SEM (n = 5).

acetylcysteine, 20 pM JNK inhibitor SP600125 or 10 uM
p38-MAPK inhibitor SB203580 reduced the TNF-o-in-
duced phosphorylation of the JNK and p38-MAPK in
HEKOO01 keratinocytes (Fig. 4c). Then we investigated the
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TP < 0.05 compared to control; *P < 0.05 compared to TNF-a
alone. In ¢, HEKOO1 keratinocytes were pre-treated with compounds
(15 pM rotundarpene (RTD), 1 mM N-acetylcysteine (NAC), 20 uM
SP600125 or 10 pM SB203580) for 20 min and then treated with
10 ng/ml TNF-a in the presence of compounds for 4 h. Data are
representative of three to four different experiments. In d, HEK001
keratinocytes were pre-treated with compounds (20 uM SP600125 or
10 pM SB203580) for 20 min and then treated with 10 ng/ml TNF-a
in the presence of compounds for 15 min. The NF-kB to DNA-
binding activity was measured by assay kit. Data represent the
mean + SEM (n = 5). P < 0.05 compared to control; *P < 0.05
compared TNF-o alone

regulatory effect of INK and p38 on the TNF-o-induced
increase in the NF-kB-DNA-binding activity. The addition
of 20 uM JNK inhibitor SP600125 and 10 uM p38-MAPK
inhibitor SB203580 reduced the TNF-a-induced increase in
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the NF-kB-DNA-binding activity in HEKO0O1 keratinocytes
(Fig. 4d).

Rotundarpene inhibits Akt activation and changes
in the levels of mTOR

We examined whether TNF-a-induced NF-xB activation-
mediated inflammatory mediator production was regulated
by Akt pathway. To define the inhibitory effect of rotun-
darpene, we assessed the rotundarpene effect on the Akt
level changes at a 4-h exposure time of TNF-a. The inhi-
bitory effect of rotundarpene on changes in the levels of
phosphorylated-Akt was observed by Western blot analy-
sis. Rotundarpene and Akt inhibitor attenuated the TNF-a-
induced increase in the levels of phospho-Aktl (Fig. 5a).
Treatment with TNF-a and stated compounds did not affect
the levels of Aktl. We further examined the inhibitory
effect of rotundarpene on phosphorylation of Akt. The
addition of rotundarpene, Akt inhibitor, and N-acetylcys-
teine inhibited the TNF-o-induced phosphorylation of Akt
(Fig. 5b). Rotundarpene, Akt inhibitor, and N-acetylcys-
teine alone did not increase the Akt phosphorylation.

To assess whether rotundarpene could regulate signaling
pathways other than pathway that affected by TNF-a, we
examined whether the rotundarpene and Akt inhibitor may
influence EGF-induced phosphorylation of Akt. HEK0O1
keratinocytes treated with EGF exhibited an increase in the
Akt phosphorylation. The addition of rotundarpene and Akt
inhibitor reduced EGF-induced Akt phosphorylation,
respectively. Further combination almost completely pre-
vented the Akt phosphorylation. The rotundarpene and Akt
inhibitor alone did not affect the Akt phosphorylation
(Fig. 5c¢).

To examine whether TNF-o-induced production of
inflammatory mediators was regulated by mTOR signaling,
we measured changes in the levels of mTOR. In HEK001
keratinocytes treated with TNF-a, the levels of mTOR
increased up to 4-h exposure time and then the levels
declined. The addition of rotundarpene, Akt inhibitor, and
rapamycin inhibited the TNF-o-induced increase in the
levels of mTOR (Fig. 5d). Compounds alone did not
induce changes in the levels of mTOR (data not shown).

Rotundarpene inhibits production of reactive
oxygen species

The production of reactive oxygen species within cells was
determined by monitoring a conversion of DCFH,-DA to
DCF. Keratinocytes treated with TNF-o showed a signifi-
cant increase in DCF fluorescence. The production of
reactive oxygen species in keratinocytes treated with TNF-
o was confirmed with the effect of oxidant scavengers. The
addition of rotundarpene, N-acetylcysteine, 50 uM trolox
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(a cell-permeable, water-soluble derivative of vitamin E; a
scavenger of hydroxyl radicals and peroxynitrite) and
100 uM ascorbic acid inhibited TNF-a-induced increase in
DCEF fluorescence (Fig. 6).

Rotundarpene up to 25 pM does not alter cell
viability

To assess whether the inhibitory effect of rotundarpene on
the stimulated keratinocyte responses was attributed to its
effect on cell viability, we examined the cytotoxic effect of
rotundarpene using the MTT assay that provides rapid and
precise results for cellular growth and survival. As the data
showed, rotundarpene up to 25 pM did not significantly
affect the cell viability in keratinocytes. When HEKO001
keratinocytes were treated with 25 puM rotundarpene for
24 h, approximately 5% cell death was observed, which is
not statistically significant (Fig. 7a).

Then we examined the cytotoxic effect of TNF-a on
HEKOO1 keratinocytes. When keratinocytes were treated
with 1-25 pM TNF-a for 24 h, cell viability declined in a
dose-dependent manner. Approximately 10 and 36% cell
death were detected at 10 and 25 ng/ml TNF-o, respec-
tively, for 24 h (Fig. 7b).

Discussion

HEKOO1 keratinocytes treated with TNF-o exhibited sig-
nificant production of IL-1, IL-6, and CCL27. The extract
from the barks of and Hemiterpene glycosides from the
leaves of I. rotunda Thunb have been shown to have anti-
inflammatory and antioxidant properties [15, 18]. We
assessed the rotundarpene effect on TNF-a-induced
inflammatory mediator production in keratinocytes in
relation to activation of the Akt, NF-xkB, and mTOR
pathways. TNF-a binds to the TNF receptors and activates
the NF-xB, which regulates the transcription genes
involved in inflammation and immune responses [10, 29].
Aberrant activation of NF-kB in both keratinocytes and
lymphocytes is considered to be involved in the develop-
ment of inflammatory skin disease [30]. TNF-a induces
production of cytokines and chemokines in keratinocytes
by activating NF-xB [25, 31]. TNF-a induces the phos-
phorylation and proteolytic degradation of IxkB and the
subsequent release of NF-kB dimers [32]. The transloca-
tion of the active NF-xB dimers to the nucleus elicits
activation of specific target genes, such as transcription of
proinflammatory genes, leading to the production of
mRNA responsible for synthesis of cytokines and
chemokines [10, 33]. TNF-o treatment increased the
phosphorylated-IkB and NF-kB p65/50 levels, and the
binding of NF-xkB to DNA in keratinocytes. The results
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Fig. 5 Rotundarpene reduces TNF-a-induced activation of Akt and
changes in the levels of mTOR. In a, HEKO0O1 keratinocytes were
treated with 10 ng/ml TNF-o in combination with 5-15 pM rotun-
darpene (RTD) and 0.5 uM Akt inhibitor for 4 h, and the level of
phosphorylated (activated)-Akt was determined by Western blotting
with specific antibodies or by ELISA. The densities of protein bands
were determined using TINA 2.10 g software, and data represent a
fold increase from the control density. Data are representative of three
to four different experiments. In b and ¢, HEKO0O1 keratinocytes were
treated with 10 ng/ml TNF-o (or 100 ng/ml epidermal growth factor)

suggest that the TNF-o effect on the cytokine and che-
mokine production is mediated by translocation of NF-kB
dimers to the nucleus and binding to specific DNA sites.
We measured whether the suppressive effect of rotun-
darpene on the TNF-a-induced production of inflammatory
mediators in keratinocytes was due to inhibition of NF-kB
activation. Rotundarpene and an NF-kB activation inhibitor
Bay 11-7085 reduced the TNF-ao-induced production of
inflammatory mediators, increase in the levels of phos-
phorylated-IxB and NF-kB p65/50, and binding of NF-kB
to DNA. Thus, rotundarpene may reduce the TNF-o-
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in combination with 5-15 pM rotundarpene (RTD) and 0.5 uM Akt
inhibitor for 4 h, and the phosphorylation of Akt was determined by
ELISA. In upper part in d, HEK0O1 keratinocytes were treated with
TNF-o for the 30 min to 6 h. In lower part in d, keratinocytes were
treated with TNF-o in the presence of compounds (15 pM rotun-
darpene, 0.5 uM Akt inhibitor, and 0.5 uM rapamycin) for 4 h. The
level of mTOR was determined by Western blotting with specific
antibody. Data are representative of three to four different
experiments

induced production of inflammatory mediators by sup-
pressing the activation of NF-kB.

The PI3 K/Akt and mTOR pathways regulate the acti-
vation of NF-xB [8, 9]. TNF-a induces phosphorylation of
PI3K, Akt, and mTOR in colonic epithelial cell lines HT-
29 and U937 cells [34]. In keratinocytes, we assessed
whether TNF-o-induced production of inflammatory
mediators and activation of NF-kB were mediated by the
activation of Akt and mTOR. Treatment with TNF-o
induced the phosphorylation of Akt, increase in the levels
of mTOR, and activation of BAY11-7085 in keratinocytes.
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Fig. 6 Rotundarpene reduces TNF-a-induced production of reactive
oxygen species. HEKOO1 keratinocytes were treated with 10 ng/ml
TNF-o in the presence of compounds (15 pM rotundarpene (RTD),
1 mM N-acetylcysteine (NAC), 30 uM trolox, and 100 uM ascorbic
acid) for 24 h. Changes in DCF fluorescence were measured and data
are expressed as arbitrary units (a.u.) of fluorescence. Data represent
the mean & SEM (n =6). TP <0.05 compared to control;
*P < 0.05 compared TNF-a alone

Rotundarpene, Akt inhibitor, and rapamycin inhibited the
production of inflammatory mediators and reduced the
changes in the levels and activities in signal transduction
proteins in TNF-a-stimulated keratinocytes. Thus, rotun-
darpene appears to reduce TNF-ao-induced production of
inflammatory mediators by suppressing activation of Akt,
mTOR, and NF-kB pathways.

EGF treatment stimulates the phosphorylation (activa-
tion) of EGF receptor-mediated activation of PI3K, Akt,
and mTOR signalings [36-38]. EGF induces the MAPK/
ERK and MAPK/JNK-mediated signal transduction [37].
However, EGF stimulates adipophilin synthesis in HC11
mouse mammary epithelial cells via the PI3-kinase/Akt/
mTOR pathway and p38 but not JNK [39]. To assess
whether rotundarpene could modulate signaling pathways
other than pathway that affected by TNF-o, we examined
that rotundarpene may regulate the EGF-induced phos-
phorylation of Akt. HEKOOI keratinocytes treated with
EGEF exhibited an increase in the Akt phosphorylation. The
addition of rotundarpene and Akt inhibitor reduced the
EGF-induced Akt phosphorylation, respectively. Further
combination almost completely prevented the phosphory-
lation of Akt. The rotundarpene and Akt inhibitor alone did
not affect the Akt phosphorylation. These results suggest
that rotundarpene could regulate activation of signaling
pathways triggered by stimulants other than TNF-o.
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Fig. 7 Rotundarpene up to 25 pM does not alter cell viability. In a,
HEKOO01 keratinocytes were treated with 1-25 uM rotundarpene
(RTD) for 24 h and then cell viability was determined using a MTT
reduction assay. In b, HEKOO1 keratinocytes were treated with
1-25 ng/ml TNF-a for 24 h. Data represent the mean £ SEM
(n = 6). TP < 0.05 compared to control (percentage of control)

Reactive oxygen species play a critical role in inflam-
mation process and in transduction of signals from recep-
tors to IL-1P or TNF-a [35]. Reactive oxygen species cause
the activation of NF-xB [35, 40, 41]. Reactive oxygen
species activate NF-xB through PI3-k/Akt pathway [35].
The oxidant scavenger N-acetylcysteine inhibited the
changes in the levels and activities in the Akt, mTOR, and
NF-kB, and the production of reactive oxygen species in
TNF-a-stimulated keratinocytes. These results suggest that
the TNF-o-induced activation of the Akt, NF-xB, and
mTOR pathways is mediated by production of reactive
oxygen species. Connectively, rotundarpene appears to
reduce the activation of the Akt, mTOR, and NF-xB
pathways by suppressing production of reactive oxygen
species.
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We examined whether the inhibitory effect of rotun-
darpene on the stimulated keratinocyte responses was due
to the effect on cell viability. When keratinocytes were
treated with rotundarpene for 24 h, approximately 3 and
5% cell death at 15 and 25 uM, respectively, were detec-
ted. Therefore, the inhibitory effect of rotundarpene less
than 25 pM on the inflammatory mediator production and
signaling pathways may not be affected by changes in cell
viability. Further, we investigated TNF-o may affect cell
viability in HEKOO1 keratinocytes. TNF-a treatment for
24 h induced approximately 10% cell death at 10 ng/ml,
which was statistically significant. Western blot analysis
and ELISA indicate that TNF-o induces apoptotic cell
death. The concentration of TNF-o used in the present
study was based on reports in discussion section and may
be necessarily to assess action mechanism of test materials
in relation to the TNF-o-mediated process. Although TNF-
o had a toxic effect at 10 ng/ml, TNF-o significantly
stimulated production of cytokines and chemokines in
keratinocytes. Thus, the TNF-o concentration has been
proper to define the effect of rotundarpene on the inflam-
matory mediator production and signaling pathways.

The mitogen-activated protein (MAP) kinases, including
c-Jun N-terminal kinases (JNKs) and p38-MAPKs, are
involved in the maintenance of intracellular functions such
as inflammation and innate immunity [12, 42-44]. The
JNK and p38 MAPK signaling pathways are activated by
various types of cellular stress such as oxidative stress and
proinflammatory cytokines TNF-o and IL-1p [12]. The
binding of TNF-o to cell surface receptors triggers acti-
vation of JNK and p38-MAPK. The MAP kinase signaling
pathways induce a secondary response by increasing the
expression of several inflammatory cytokines [11]. TNF-a
induces activation of the NF-kB, JNK, and p38-MAPK in
HaCaT keratinocytes resulted in skin inflammation
[13, 14, 45]. In this respect, we examined whether the
rotundarpene effect on the TNF-a-induced production of
inflammatory mediators was mediated by suppressing the
activation of the JNK and p38-MAPK. HEKO00I ker-
atinocytes treated with TNF-o exhibited an increase in the
cytosolic levels of phosphorylated-JNK and phosphory-
lated-p38. Rotundarpene, JNK inhibitor (SP600125), and
p38-MAPK inhibitor (SB203580) reduced the TNF-o-in-
duced production of cytokines and chemokines and
increased the cytosolic levels of phosphorylated-JNK and
phosphorylated-p38. Thus, rotundarpene may reduce the
TNF-a-induced production of inflammatory mediators in
keratinocytes by suppressing the activation of JNK and
p38-MAPK. In addition, the inhibitory effect of N-acetyl-
cysteine on the activation of the JNK and p38-MAPK
indicates that the TNF-o-induced activation of the JNK and
p38-MAPK may be mediated by reactive oxygen species in
keratinocytes. The suppressive effect of rotundarpene on

activation of the JNK and p38-MAPK appears to be
attributed to the inhibition of reactive oxygen species
production.

A previous report suggests there is a mutual cross-talk
reaction between formation of reactive oxygen species and
activation of NF-kB [46]. It has been also shown that
inhibition of NF-kB may attenuate oxidative stress and
improve cardiac mitochondrial structural integrity [47].
Thus, previous reports suggest that the TNF-a-induced
production of reactive oxygen species appears to depend on
the activation of Akt, mTOR, and NF-xB pathways, and
the JNK and p38.

In additionally, rotundarpene suppressed all the TNF-a-
induced activation of the Akt, mTOR, and NF-kB path-
ways, activation of JNK and p38-MAPK, and production of
reactive oxygen species, which may be involved in the
production of inflammatory mediators. These findings
suggest that rotundarpene may directly inhibit the stability
of TNF-a or TNF-a receptor or the interaction between
TNF-o and TNF-a receptor. To investigate precise action
of rotundarpene, thus, the study on the stability of TNF-a
or TNF-a receptor will be required.

Overall, the results show that rotundarpene may reduce
the TNF-a-stimulated production of inflammatory media-
tors in keratinocytes by suppressing the reactive oxygen
species-mediated activation of the Akt, mTOR, and NF-xB
pathways, and the JNK and p38-MAPK. Additionally,
rotundarpene appears to reduce the Akt, mTOR, and NF-
kB pathways and the JNK- and p38-MAPK-mediated
inflammatory skin diseases.
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